Histological observations suggested that in the spleen, blood-borne Listeria monocytogenes bacteria were preferentially ingested by two morphologically distinct mononuclear phagocyte populations present in the marginal zone of the white pulp. The morphologies of these phagocytes corresponded to those of marginal zone macrophages or marginal zone dendritic cells. Moreover, during the first day of infection, the same phagocytes containing listeria apparently translocated from the marginal zone into the white pulp where they established secondary infectious foci. This event was associated with a large influx of neutrophil polymorphonuclear leucocytes (PMNLs) into infected white pulp, and with the disappearance of lymphocytes from this compartment. White pulp lymphocytopenia also occurred in the spleens of listeria-infected mice selectively depleted of neutrophil PMNLs, indicating that these phagocytes were not responsible for displacing or destroying lymphocytes. The implications of these findings for explaining the virulence and immunogenicity of L. monocytogenes are discussed.
Introduction
Systemic murine listeriosis initiated by intravenous (i.v.) inoculation of Listeria monocytogenes has long served as a model for studying host defence against infections caused by intracellular bacterial pathogens in general [l] . In particular, studies with this model have contributed substantially to the concept that acquired T-cell-mediated immunity is an important component of host resistance to intracellular pathogens [2-71. Additionally, studies with mice have revealed important aspects of L. monocytogenes virulence. For example, liver Kupffer cells remove up to 90% of an i.v. inoculum of L. monocytogenes and inactivate most ingested bacteria within the first few hours of infection [3] . Listeria that survive this host defence proceed to invade and proliferate inside hepatocytes to give rise to a progressive infection in the liver parenchyma [S, 91. The ability of L. monocytogenes to establish hepatic infection depends on its capacity to produce virulence factors [lo] that allow it to multiply progressively at infectious foci in the liver in spite of the rapid and extensive accumulation of neutrophil polymorphonuclear leucocytes (PMNLs) at these sites [S]. Nevertheless, neutrophil-mediated defences severely restrict hepatic listeriosis to the extent that in mice specifically depleted of PMNLs, over 100-fold more listeria than normal are recovered from the liver by 24 h of infection 191.
In contrast to Kupffer cells, resident splenic macrophages that remove the remaining 10-20% of an i.v. inoculum of listeria [3] fail to inactivate the organisms they ingest. Furthermore, compared with the situation in the liver, PMNLs that accumulate at foci of listeria infection in the spleen only modestly restrict bacterial proliferation in this organ during the first day [9] . Thus, the spleen appears to be more susceptible than the liver to infection by L. monocytogenes. Indeed, splenectomised mice reportedly are more resistant to this infection than control mice [ll] . On the other hand, the spleen is necessary for the generation of effective anti-listeria immunity in that splenectomised mice fail to develop specific acquired immunity to reinfection [ 1 13. Presumably, the spleen provides the necessary micro-environment for antigen-presenting cells to induct antigen-specific T cells into the immune response [ 121. Listeria-specific CD4' and CDS' T cells are generated in the spleen as early as day 2 of primary listeriosis [6] , indicating that antigens derived from L. monocytogenes bacteria are rapidly processed and presented in the context of class I and class I1 major histocompatibility complex (MHC) antigens [13] .
Despite the obvious importance of host-pathogen interactions in infected spleen during early infection for determining the outcome of systemic listeriosis, little is known about the fate of listeria in this organ during this phase of the infectious process. Other histological studies [ 14-1 61 have focused predominantly on events occurring after day 2 of infection and were inconclusive in revealing the location of the bacterial cells. Therefore, the present study was undertaken to examine the histopathogenesis of splenic infection during the first 48 h.
Materials and methods

Mice
CB6/F1 (C57BL/6 X BALB/c) adult male mice (9-10 weeks old) were obtained from the Trudeau Institute Animal Breeding Facility, Saranac Lake, NY, USA. They were free of common viral pathogens according to results of routine screening by the Research Animal Diagnostic Laboratory, University of Missouri, Columbia, MO, USA.
Bacteria
L. monocytogenes strain EGD was grown to mid-log phase at 37°C in a static culture of trypticase-soy broth, dispensed in 1-ml volumes (3 X lo8 cfidml) and frozen at -70°C. For experimental use, frozen vials were thawed, the bacteria were washed once in sterile saline and diluted in saline for inoculation in a volume of 0.2 ml. Mice were inoculated with graded doses of bacteria in the range 103-108 cfu. The i.v. LD50 of L. monocytogenes strain EGD for CB6/F1 male mice is c. 5 x lo3 cfu.
Monoclonal antibody treatment
The granulocyte-specific monoclonal antibody (MAb), , was given to mice to deplete them of neutrophils and thereby prevent the accumulation of these leucocytes at infectious foci. The hybridoma secreting MAb RB6-8C5 was a kind gift from R. Coffman (DNAX Research Institute, Palo Alto, CA, USA). MAb was purified from ascites as described previously [9] and was inoculated intraperitoneally into mice at a dose of 0.25 mg in 0.2 ml saline at 2 days, and again at 4 h, before initiation of infection.
Histology
Mice were killed by cervical dislocation at various times during infection. Spleens were removed whole, placed in buffered formalin 10% solution, cut into small whole transverse pieces and fixed for 24 h. The fixed tissue was then washed in water, dehydrated in ethanol and embedded in glycol methacrylate (JB-4 embedding kit; Polysciences Inc., Warrington, PA, USA). Thin (1-2 pm) sections were cut with glass knives, stained with MacNeal's tetrachrome and examined with a Nikon Microphot-Fx light microscope.
Results
Histopathogenesis of murine listeriosis in the spleen
To detect L. monocytogenes readily in thin sections, it was usually necessary to inoculate mice with large doses of bacteria that greatly exceeded the LD50 of the organism. This was especially the case during early infection before substantial bacterial multiplication occurred. However, regardless of inoculum size, mice always appeared healthy at the time they were killed. Moreover, where appropriate and feasible, the reported findings were confirmed with smaller inocula. Previous studies from this laboratory [8,9] showed that neutrophi1 PMNLs that accumulate at foci of listeria infection in the liver engage and destroy infected hepatocytes, thereby causing extensive lesions in the parenchyma. Therefore, given that neutrophil PMNLs also predominate at foci of splenic infection during the first 2 days, the present study also examined whether these granulocytes are required to cause the observed histological changes in the spleen during this time.
Because others [3] have shown that >99% of an i.v. inoculum of L. monocytogenes is removed from the blood by 1 h post-inoculation, mice were killed beginning 1 h after challenge in the present study. In control mice, by 1 h after i.v. inoculation of lo8 cfu, most listeria in the spleen were found in the marginal zone of the white pulp. Most bacteria in the marginal zone were associated with large round mononuclear cells with pale cytoplasm and nucleoplasm (Fig. I ), presumed to be [18] marginal zone macrophages (MZM). Bacteria were also associated with another mononuclear cell characterised by very densely staining cytoplasm and nucleoplasm and displaying prominent dendritic processes (Fig. l) , and referred to here as dendritic-like macrophages (DLM). Additionally, some bacteria were associated with neutrophils in marginal zone sinuses (not shown) and within mononuclear cells in the red pulp (Fig. 1) . Despite the large inoculum size, no bacteria were found in the white pulp by 1 h of infection. The situation was similar in mice that received a 100-fold lower inoculum, but at this dose bacteria were infrequently found (less than five bacteria per transverse section of spleen) within individual sections. At an inoculum of lo4 cfu no bacteria were observed despite extensive searching. Many individual organisms in the present study were apparently surrounded by unstained haloes. These might repre-sent polymerised actin filaments that are known to nucleate around this pathogen after its invasion into host cell cytoplasm [lo] . Alternatively, they might be artifacts of the embedding and staining procedures used.
By 6 h after inoculation of lo8 or lo6 cfu of L. monocytogenes, neutrophil PMNL were accumulating at foci of infected monocytes in the marginal zone and red pulp (Fig. 2) , and continued to accumulate at these sites during the following 2 days. Neutrophil PMNL failed to accumulate at infectious foci in mice treated with MAb RB6-8C5, thereby confirming the efficacy of this MAb treatment. By 6 h, bacteria were still not obvious in the white pulp of control or neutrophildepleted mice. However, by 12 h, listeria were found in the spleens of both groups of mice in the white pulp inside cells with the morphological characteristics of MZM or DLM (Fig. 3) . In control mice, small accumulations of PMNLs were sometimes apparent in the white pulp in the vicinity of listeria-bearing monocytes by this time.
By 24 h after i.v. inoculation of lo6 or lo4 cfu of L. monocytogenes, neutrophil PMNL accumulation at marginal zone infectious foci was extensive and extended into the white pulp and red pulp. Bacteria were present inside MZM and DLM in the white pulp, both within developing micro-abscesses as well as at sites devoid of obvious inflammatory cells (not shown). In mice treated with MAb RB6-8C5, neutrophi1 PMNLs were still essentially absent from infectious foci which, in the marginal zone, consisted of clumps of bacteria growing inside MZM and DLM (Fig. 4) . Clumps of intracellular and extracellular bacteria were also found in the red pulp, albeit infrequently (not shown). Additionally, as in control mice, bacteria were observed inside MZM and DLM within the white pulp.
In control mice inoculated with lo4 or lo3 cfu of L. monocytogenes, in keeping with the findings of others [15, 161, some lymphoid follicles were massively infiltrated by neutrophil PMNLs by 48 h. These areas were essentially devoid of lymphocytes (Fig. 5) , but the reticular framework of the white pulp appeared intact. Within white pulp lesions, bacteria were found inside PMNLs, DLM and MZM. In mice depleted of neutrophil PMNLs, as in control mice, lymphocytes were absent from the vicinity of infected, but not uninfected, white pulp (Fig. 6) . In this situation listeria were present as large intracellular and extracellular clumps.
By day 4, in control mice inoculated with lo3 cfb of L. monocytogenes, PMNLs were far less prominent, and cellular inflammation was markedly reduced at infectious foci in the white pulp and red pulp of the spleen. Bacteria were found very infiequently within lesions by this time and, consequently, their association with particular host cells was not determinable. The paucity of bacteria at infectious foci on day 4 of sublethal infection presumably reflects the onset of bacterial sterilisation in the spleen by this time [3,4, 15, 161. This being the case, no attempt was made to locate listeria in the spleen after day 4. All neutrophil PMNLdepleted mice inoculated with >lo3 cfu of L. monocytogenes were dead by day 4. 
Discussion
According to these results, intravenousJy inoculated L. monocytogenes bacteria that are taken up by the spleen are removed from the blood predominantly by mononuclear phagocytes in the marginal zone of the white pulp and the rest by mononuclear phagocytes in the red pulp. The same cells also ingested i.v. inocula of fluorescent and magnetic latex microparticles (not shown) and undoubtedly comprise the fixed phagocytes of the splenic reticulo-endothelial system [ 12, 181. This initial bacterial distribution presumably reflects the fact that most blood entering the spleen discharges first into marginal zone sinuses before entering the red pulp sinuses or splenic venules [18] [19] [20] . Therefore, bloodborne listeria are more likely to make contact with the fixed phagocytes lining the marginal zone sinuses before contacting other splenic macrophages.
Within the marginal zone, listeria were found associated with two morphologically distinct cell types. One, a large mononuclear cell with lightly staining cytoplasm and nucleoplasm, was morphologically reminiscent of marginal zone macrophages [ 1 81. The other was a smaller cell with densely staining cytoplasm and nucleoplasm, and prominent dendritic processes. The latter cells are accordingly thought to be marginal metallophils [2 11 or dendritic cells [22] , and morphologically appear akin to recently described 'barrier cells ' [23] , the functions of which are largely unknown. No bacteria were found in the white pulp during the first 6 h of infection, a finding in keeping with the fact that this compartment is extravascular. Therefore, listeria can only enter the white pulp by traversing the endothelial cells lining marginal sinuses [12, 191, which they appear to do inside the macrophages that initially ingested them. Additionally, because listeria can spread by direct intercellular transmission [lo] , it is possible that the organism also uses this mechanism to traverse into the white pulp from the marginal zone.
The translocation of listeria from the marginal zone into the white pulp is accompanied by an influx of neutrophil PMNLs into this compartment and by a disappearance of lymphocytes from the developing inflammatory focus. This aspect of splenic listeriosis has been described previously by others [15, 161, who suggested that lymphocytes might emigrate from infected white pulp. Alternatively, lymphocytes might be displaced to the peripheries of expanding inflammatory foci, or be destroyed therein by infiltrating neutrophils. However, the latter explanation seems unlikely given that lymphocytes are also depleted from infectious foci in the white pulp of neutrophil-depleted mice. Instead, the disappearance of lymphocytes from white pulp would appear to be a direct response to the infiltrating bacteria which are not considered to be cytotoxic. Nevertheless, as postulated by others [15, 161, the fact that white pulp lesions are not immediately repopulated by circulating lymphocytes suggests that lymphocyte homing into these particular areas might be impaired until infection begins to resolve.
Similar to the situation reported in the present study, inert particulate matter, including colloidal carbon, is transported into the white pulp within two distinct types of marginal zone macrophages [ 191. Therefore, this might represent a common mechanism for delivering particulate antigens for presentation to lymphocytes resident in the white pulp. However, unlike viable, virulent L. monocytogenes bacteria, inert matter does not induce a massive inflammatory response. The extent to which the host cellular inflammatory response in the spleen is required for the production of listeria-specific T cells is not known, but this organ is a major site for the generation of these T cells during the course of a primary infection [3, 4, 6] . Alternatively, the inflammatory response in this situation might contribute to the pathogenicity of L. monocytogenes, given that splenectomised mice reportedly are more resistant than control mice to primary infection with this pathogen [ 1 13.
However, the intracellular translocation of L. monocytogenes into the white pulp brings the organism and its antigens into proximity with lymphocytes capable of responding to them. For this reason it is important that the origin and identity of the listeria-bearing cells, and their antigen-presenting capacity be known. Certainly, antigen-presenting cells present listeria antigens in the context of both MHC class I and class I1 during primary infection [2,5, 131. However, whereas most cell types are capable of presenting antigen associated with class I MHC, only a few cell types, predominantly macrophages and dendritic cells, express MHC class 11. In this regard, it is interesting to note that resident 
